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Quantum communication holds promise for unconditionally secure transmission of secret messages
and faithful transfer of unknown quantum states. Photons appear to be the medium of choice for
quantum communication. Owing to photon losses, robust quantum communication over long lossy
channels requires quantum repeaters. It is widely believed that a necessary and highly demanding
requirement for quantum repeaters is the existence of matter quantum memories at the repeater
nodes. Here we show that such a requirement is, in fact, unnecessary by introducing the concept
of all photonic quantum repeaters based on flying qubits. As an example of the realization of this
concept, we present a protocol based on photonic cluster state machine guns and a loss-tolerant
measurement equipped with local high-speed active feedforwards. We show that, with such an all
photonic quantum repeater, the communication efficiency still scales polynomially with the channel
distance. Our result paves a new route toward quantum repeaters with efficient single-photon sources
rather than matter quantum memories.
I. INTRODUCTION
Quantum communication not only opens up opportu-
nities for secure communications [1, 2] and the teleporta-
tion of quantum states [3], but also is an important ingre-
dient of the quantum internet [4] which enables the distri-
bution of entanglement over long distances. Such a quan-
tum internet will be useful for distributed quantum com-
puting, distributed quantum cryptographic protocols and
dramatically lowering communication complexity. Since
quantum information processing can offer exponential in-
crease in computing power for some tasks as well as un-
conditional security, the realization of a quantum inter-
net is an important long-term scientific and technologi-
cal goal. Thanks to the long coherence time of photons,
photonic channels, for example, optical fibers are often
used for quantum communication. Nonetheless, owing to
losses, the probability of successful transmission of a pho-
ton through an optical fiber decays exponentially. Con-
sequently, the efficiency of this kind of quantum commu-
nication decreases exponentially with the communication
distance, which is limited to hundreds of kilometers [5].
To overcome such a distance limit, quantum repeaters
that use repeater nodes between the sender (Alice) and
the receiver (Bob) are needed [6] in order to enjoy the
blessing, i.e., the polynomial scaling of the efficiency with
the total distance. In contrast to conventional repeaters
in the classical communication, quantum repeaters can-
not make redundant copies of quantum signals due to the
no-cloning theorem [7]. Instead, as shown in Fig. 1(a),
the standard approach [4–6, 8–15] to quantum repeaters
equips the repeater nodes with quantum memories, and
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starts with entanglement generation for the quantum
memories between adjacent nodes via the transmission
of photons entangled with the memories. Then, entangle-
ment swapping [16] is, one after another, performed at
a node that has confirmed the existence of entanglement
with other repeater nodes by receiving heralding signals
from different repeater nodes at long distances. Thus, the
quantum memories are at least required (i) to be entan-
gled with photons (perhaps with a telecom wavelength for
the fiber transmission) for the entanglement generation,
and (ii) to be able to preserve entanglement faithfully
at least until receiving the heralding signals for the en-
tanglement swapping from the distant nodes. Note that,
without such quantum memories, the repeater protocols
are, at least, inevitably reduced into quantum relay pro-
tocols [17] with the exponential scaling (see Fig. 1).
Earlier proposals [5, 8] (including the seminal paper
[8] of Duan et al.) for the realization regard an atomic
ensemble as such a quantum memory with infinite coher-
ence time for (ii), relying on a probabilistic Bell measure-
ment on single photons that are entangled with the mem-
ories via collectively enhanced coupling [8] for (i). The
protocols [5, 8] have a beauty of simplicity in terms of the
numbers of repeater nodes and the required matter quan-
tum memories. However, unfortunately, if the coherence
time of the matter quantum memories is finite, those sim-
ple protocols [5, 8] are shown [18] to scale exponentially
with (the square root of) the communication distance (ir-
respectively of employed purification schemes [18]). This
is caused by the necessity of the transmission of herald-
ing signals whose communication time is proportional to
the total distance due to the probabilistic nature of the
Bell measurements [5, 8], and by the exponential dephas-
ing or depolarization on the matter quantum memory
with time (see Fig. 1). Thus, only remaining solutions
to overcome the problem in those simple protocols [5, 8]
2would be (I) to boost the success probability of the Bell
measurement (e.g., to invoke a near-deterministic Bell
measurement [19] on single photons) or (II) to make the
coherence time infinite by equipping the matter quantum
memory with fault tolerance. But, either of these spoils
the claimed simplicity of the original proposals [5, 8].
A simple solution for (I) or (II) may be to use mat-
ter qubits satisfying Divincenzo’s 2nd-to-5th criteria [20]
(initialization, quantum gates faster than decoherence
time, universal gate set, and readout) as the matter quan-
tum memories, as in the protocols [6, 9–15, 21, 22]. In
fact, some [14, 15, 21, 22] of them have already been
shown to work even with finite-coherence-time matter
qubits. However, unfortunately, the matter qubits are
normally less efficient [8] in the coupling with photons for
(i) than the atomic ensembles, and the efficient coupling
remains a very challenging technology even with atomic
ensembles in spite of recent experimental advances [4, 23–
25]. Thus, we have not yet been able to refute Divin-
cenzo’s conjecture [20] that the efficient coupling between
a matter qubit and photons for (i)—corresponding to Di-
vincenzo’s extra criterion [20, 23]—is really hard. The
only theoretical solution [14] to compensate this ineffi-
ciency to entanglement generation under reasonable co-
herence time is to use a lot of matter qubits at each
repeater node like the protocols [14, 15, 21, 22], i.e., to
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FIG. 1: (a) Conventional protocols [4–6, 8, 9, 11–14], and
(b) parallel preparation of entangled pairs. (a) The repeater
protocol is a way to supply entanglement with two-end par-
ties, Alice (A) and Bob (B), via repeater nodes {Ci}i=1,2,...,n
(n = 3 here). The protocol starts with entanglement gener-
ation (EG) through transmitting photons between adjacent
repeater nodes, followed by recursive applications of the en-
tanglement swapping (ES). The ES at a repeater node (e.g.,
2nd-round ES) starts only after the node receives signals for
heralding the successful preparation of two entangled pairs at
the previous round (1st-round ES). This preparation may be
executed in a parallel fashion as in (b) by using multiple quan-
tum memories, where the heralding signals (HSs) are used to
pick up an appropriate pair. Even in this way, if the EG and
ES succeed only probabilistically as in Refs. [4, 5, 8, 11], the
total classical communication time for the transmission of the
HSs alone is proportional to the total distance L. Since the
matter qubits generally decay exponentially with this time,
the protocols [4, 5, 8, 11] scale exponentially with (the square
root of [18]) the distance L between Alice and Bob (irrespec-
tively of the employed purification schemes [18]). If HSs are
not exchanged, the protocol [4–6, 8, 9, 11–14] is merely the
quantum relay [17] with exponential scaling.
require the matter qubits to satisfy even Dinvincenzo’s
1st criterion (scalability). However this implies that the
matter qubits in the quantum repeaters [6, 9–15, 21, 22]
need to satisfy not only Divincenzo’s five (1st-5th) cri-
teria [20] for universal quantum computation but also
his (really hard) extra criterion. Therefore, the quan-
tum repeaters [6, 9–15, 21, 22] could be more difficult
than universal quantum computation. This is the state-
ment coming from the dogma [5, 6, 8–15, 21, 22] of the
requirements of matter quantum memories for quantum
repeaters, which will remain undeniable without a future
experimental breakthrough.
The main point of this paper is to disprove such a
dogma that a demanding matter quantum memory is
necessary for accomplishing quantum repeaters. Here,
we present a scheme which shows that it is possible to
achieve an all photonic quantum repeater with flying
qubits only. Our scheme uses only single-photon sources,
linear optical elements, photon detectors, and a fast ac-
tive feedforward technique (less than 150 ns [26]), simi-
larly to optical universal quantum computation [19, 27].
However, we provide evidence that our all photonic quan-
tum repeaters are easier than universal quantum com-
putation [19, 27], in contrast to the conventional quan-
tum repeaters [4–6, 8–15, 21, 22]. In addition, the all
photonic feature of our repeaters has the following ad-
vantages that can never be obtained in the quantum
repeaters based on matter quantum memories [4–6, 8–
15, 21, 22]: (a) The heralding signals for achieving the
entanglement swapping are sent and received within the
same repeater nodes, rather than between different re-
peater nodes at long distances, which reduces the trans-
mission distance and time of the heralding signals to zero
in principle. (b) Combined with a machine-gun-like [28]
single-photon source, this feature allows us to increase
the repetition rate of our protocol as high as one wants.
(c) Even if we use a single-photon source based on a mat-
ter qubit, the matter qubit is no longer required to have
a deterministic interaction with photons as well as to
have long coherence time (and, of course, a matter quan-
tum memory [5, 25] can be diverted to a single-photon
source), let alone to satisfy Divincenzo’s all the criteria
[20]. (d) Frequency converters for photons to increase the
coupling to matter quantum memories [29] and to optical
fibers [30] could be unnecessary. (e) Our protocol could
work at room temperature.
We draw our protocol from a concept, “time rever-
sal,” underlying the distinguished findings in quantum in-
formation theory, such as the measurement-based quan-
tum computation [31, 32] and the measurement-device-
independent quantum key distribution (QKD) [33]. In
fact, our protocol corresponds to the time reversal of the
conventional quantum repeaters [4–6, 8–15, 21], where
entanglement swapping is performed before entangle-
ment generation. This is an innovative part of our pro-
posal. As an example to achieve such a time-reversed
quantum repeater, we use cluster-state [32] flying qubits
rather than simple Bell pairs, in contrast to existing
3quantum repeaters [4–6, 8–15]. Since our protocol is the
time-reversed version of a conventional quantum repeater
with a polynomial scaling, our protocol follows the same
scaling.
II. CONVENTIONAL QUANTUM REPEATERS
We start by considering the essential of the polyno-
mial scaling of the conventional quantum repeaters (see
Fig. 1), i.e., the execution of the entanglement swapping
upon confirming the existence of entangled pairs. Entan-
glement swapping is a way to share an entangled pair
over a longer distance through connecting two (short)
entangled pairs. Given an entangled state between sys-
tems C and D and an entangled state between systems E
and F (Fig. 1(b)), it is possible to establish entanglement
between systems C and F , by performing the Bell mea-
surement on the systems D and E. Hence, if distances
between CD and between EF are l and if DE is held
at a single node, the entanglement swapping presents an
entangled pair CF separated by distance 2l.
If we regard this entanglement swapping as the one
implemented in a round of a quantum repeater protocol
(Fig. 1(a)), the entangled pairs CD and EF correspond
to those prepared through the success of all the relevant
entanglement generations and all the previous rounds of
entanglement swapping. These entanglement prepara-
tions can be repeatedly applied to the specific qubits CD
and EF until they are successfully entangled, as in pro-
posed protocols [5, 8, 11]. However, in this case, ow-
ing to the fact that the entanglement preparations for
CD and for EF are independent and merely probabilistic
processes, the timings of successfully producing the en-
tangled pairs CD and EF are not necessarily the same,
which would require additional memory time for waiting
the joint success event.
Instead, we can use a parallel procedure (as in
Fig. 1(b)) to synchronize the successes of the entangle-
ment preparations. In this method, each of the entangle-
ment preparations for CD and for EF is executed in par-
allel by applying it to a sufficiently large number of qubits
in order to successfully produce at least one entangled
pair. Then, the prepared entangled pairs to be referred
to as CD and EF appear simultaneously. Although this
method reduces the requirements for the memory time
of qubits, it still requires the qubits to have long mem-
ory time. In fact, the node to perform the Bell mea-
surement on the counterparts DE needs to wait for the
arrivals of heralding signals for specifying the qubits DE
among many candidates at the same node (as shown in
Fig. 1(b)). Then, as inferred by Fig. 1(a), we notice an
inherent problem of the quantum communication: The
heralding signals should travel over long distances. This
transmission time is at least the classical communication
time between adjacent repeater nodes, and can be ex-
tended to the order of the communication time over the
total distance if the entanglement swapping works only
probabilistically as in simple schemes [4, 5, 8, 11]. Due
to this waiting time, the conventional quantum repeaters
[4–6, 8–15, 21] need memory time and the repetition rate
is limited.
The long waiting time for the transmission of the
heralding signals becomes a problem even for an all pho-
tonic quantum repeater because the waiting time corre-
sponds to the losses for the photonic qubits. To over-
come this problem, we introduce a time-reversed all-
photonic version of the conventional quantum repeaters
[4, 5, 8, 11], where the waiting time could be made zero
in principle.
III. TIME-REVERSED ALL-PHOTONIC
QUANTUM REPEATERS
Let us begin with specifying the role of the Bell mea-
surement on the counterparts DE of the entangled pairs
CD and EF in the parallel procedure of Fig. 1(b). Here,
the Bell measurement implicitly plays a role to entangle
qubits D and E at a moment, as it can be regarded as an
entangling operation followed by X-basis measurements
(see Fig. 2(b)). Then, the time reversal of the whole pro-
cess may be as follows: we first generate entanglement
between DE, and then create entanglement between CD
and between EF , which is followed by X-basis measure-
ments on DE. However, at the beginning of this time-
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FIG. 2: (a) Complete-like cluster states |Gmc 〉 (for the case
of m = 3). The state |Gmc 〉 has 2m arms, each of which is
composed of 1st-leaf and 2nd-leaf qubits. The edge repre-
sents the past application of the controlled-Z (CZ) gate to
qubits initialized in state (|H〉 + |V 〉)/√2, implying the ex-
istence of entanglement between them [32]. Here, |H〉 and
|V 〉 represent a basis of a single-photon qubit. The 1st-leaf
qubits correspond to the memories held by a single repeater
node in the conventional repeaters (e.g., repeater node C3 in
Fig. 1(b)). Single photons belonging to left arms (right arms)
are to be sent to the left-hand-side (right-hand-side) adja-
cent receiver node (see Fig. 3). (b) Bell measurement base
d on linear optical elements and photon detectors [34]. If it
succeeds, it works as the CZ gate followed by the X-basis
measurements. If it fails, Y -basis measurements are applied
for the existing photons, and, for lost photons, it informs us
of the photon losses. (c) Two adjacent X-basis measurements
MX on a linear cluster remove the qubits and directly con-
nect their neighbors [32]. The Z-basis measurement MZ on a
qubit removes the qubit [32].
4reversed protocol, it is impossible to specify the qubits
DE among the many candidate qubits at the same node
(as shown in Fig. 2(b)), because the heralding signals
for the specification will be given after the successful en-
tanglement preparations between CD and between EF .
Thus, we propose to use the cluster state |Gmc 〉 that has
2m arms composed of 1st-leaf and 2nd-leaf qubits (see
Fig. 2(a)). Here the 1st-leaf qubits serve as the candi-
date qubits at the same node and any pair of the 1st-
leaf qubits is completely connected by edges that respec-
tively show the existence of entanglement. Then, since
every pair of the 1st-leaf (candidate) qubits in the state
|Gmc 〉 is already entangled, in contrast to conventional
repeater protocols [4–6, 8–15, 21], we are not required
to perform the (possibly probabilistic) Bell measurement
on the qubits DE, let alone to specify the qubits DE in
advance. Thus, the only remaining task at this point is
to execute the X-basis measurements on the qubits DE
according to the heralding signals that are to be given
later.
As we have seen, the 1st-leaf qubits of the state |Gmc 〉
correspond to quantum memories at a single repeater
node in the conventional repeaters. In this analogy, the
2nd-leaf qubits serve as the single photons to supply en-
tanglement to the 1st-leaf qubits between adjacent re-
peater nodes, i.e., they are used for entanglement gen-
eration process. To see this, let us consider a process
to connect 1st-leaf qubits G and J in repeater node Cr2
of Fig. 3. Since the 1st-leaf qubits G and J are respec-
tively entangled with the 2nd-leaf qubits H and I, if a
linear-optics-based Bell measurement of Fig. 2(b) on the
2nd-leaf qubits H and I succeeds, the 1st-leaf qubits G
and J are entangled, and they become the candidates
for the qubits DE that are to receive the X-basis mea-
surements. On the other hand, if the Bell measurement
fails owing to the photon losses of the 2nd-leaf qubits
or the bunching effect of the photons, we apply Z-basis
measurements on the 1st-leaf qubits GJ . This Z-basis
measurements remove the corresponding arms without
affecting the entanglement structure of the other arms
of |Gmc 〉
⊗2 according to the rule of Fig. 2(c). This con-
nection process for the 1st-leaf qubits can be executed in
parallel for any arm of the state |Gmc 〉, which corresponds
to the parallel entanglement generation (Fig. 1(b)) in the
conventional quantum repeaters in Fig. 1(a).
Note that the connection process requires the heralding
signals from the 2nd-leaf qubits to the 1st-leaf qubits. If
the 1st-leaf qubits were matter qubits that are stationary
at a repeater node, the heralding signals would still be ex-
changed between adjacent repeater nodes, requiring the
transmission time ranging from hundred microseconds to
milliseconds. Thus, the role of the 1st-leaf qubits could
be still challenging for matter-qubit quantum memories
from the current status [25]. However, in our proposal,
the 1st-leaf qubits are composed of single-photon qubits.
Thus, the 1st-leaf qubits can be sent with the 2nd-leaf
qubits, which holds the transmission time of the herald-
ing signals to a minimum, i.e., the local active feedfor-
ward time. However, this causes an alternative prob-
lem that we need to apply single-qubit measurements on
the the 1st-leaf qubits faithfully even under the photon
losses as well as small errors of the transmission. But,
since the transmission is performed merely between adja-
cent repeater nodes and the losses and the channel errors
are thus independent of the total distance, they can be
overcome by invoking a loss-tolerant scheme to execute
a single-qubit measurement for the 1st-leaf qubits, say a
protocol of Varnava et al. [27]. More specifically, instead
of the state |Gmc 〉, we use its encoded version |G¯
m
c 〉, i.e.,
the complete-like cluster state |G¯mc 〉 with the encoded 1st-
leaf qubits that are colored in gray in Fig. 3. An explicit
method to prepare the state |G¯mc 〉 locally with linear op-
tical elements, single-photon sources, photon detectors,
and a high-speed active feedforward technique is given
in Secs. A 1 and B of Appendix, which determines the
preparation time that is to be translated into the corre-
sponding photon-loss probability.
The encoding of the protocol of Varnava et al. [27] is
done by replacing a qubit being to receive a single-qubit
measurement under loss with an encoded qubit composed
of plural physical qubits. The loss-tolerant measurement
is performed with an arbitrary high success probabil-
ity via only single-qubit measurements on the physical
qubits, as long as the loss probability for the physical
qubits is less than 50 % (corresponding to the loss of a
15-km optical fiber). Thus, in our protocol, the loss for
the 1st-leaf qubits should be less than 50 % by adjusting
the transmission distance. This limitation corresponds
to an analogy of the one on the quantum memory in the
conventional quantum repeaters, although they differ in
the types of noises [loss and depolarization (or dephas-
ing)].
In addition to the tolerance to the loss, as seen in
Secs. A 2 and A3 of Appendix, remarkably, it turns out
that the scheme of Varnava et al. [27] allows us to per-
form Z-basis or X-basis measurement faithfully even un-
der general errors. Thus, this scheme highly fits with
our repeater scheme that needs (loss-tolerant) Z-basis or
X-basis measurements only.
Notice, however, that Varnava et al.’s scheme is less
robust and loss-tolerant when non-Pauli measurements
are performed. Since universal optical quantum com-
puting [19] requires such non-Pauli measurements, Var-
nava et al.’s scheme requires more overhead and has a
much lower error threshold in the case of universal op-
tical quantum computing. This highlights the difference
in the performance of Varnava et al.’s scheme in the two
applications—quantum repeaters and universal optical
quantum computation.
To see how our protocol runs more precisely, we de-
scribe the whole protocol. In the repeater, all the re-
peater nodes between Alice and Bob separated by dis-
tance L are classified into two sets, called source nodes
{Csi }i=1,...,n and receiver nodes {C
r
i }i=1,...,n+1. The
source nodes and the receiver nodes are placed alter-
natively and at regular intervals, and adjacent source
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FIG. 3: Snapshot of all photonic quantum repeaters [(m,n) = (3, 2)]. The protocol is defined as follows: (i) Alice (Bob)
prepares m single photons that are maximally entangled with her (his) local qubits and sends them to the adjacent receiver
node Cr1 (C
r
n+1). At the same time, any other source node C
s
i prepares the encoded complete-like cluster state |G¯mc 〉, and the
left (right) arms are sent to the left-hand (right-hand) adjacent receiver node Cri (C
r
i+1). (ii) On receiving the single photons
(this moment is snapshotted), every receiver node applies the Bell measurement of Fig. 2(b) on the m pairs of the 2nd-leaf
qubits of the left and right arms. (iii) If one of the Bell measurements succeeds, the receiver node performs the loss-tolerant
X-basis measurements on the 1st-leaf qubits on the successful arms, and makes the loss-tolerant Z-basis measurements on all
the other 1st-leaf qubits. If all the m Bell measurements or one of the loss-tolerant measurements on the 1st-leaf qubits fails,
the receiver node considers that this trial fails. (iv) Finally, the receiver nodes announce all the measurement outcomes to Alice
and Bob, and the protocol succeeds when no receiver node judges this trial as failure.
nodes (adjacent receiver nodes) are separated, say L0 =
L/(n+1) apart. In addition, the arms of the state |Gmc 〉
are classified into the right-hand and left-hand sets as
in Fig. 2(a). Then, the repeater runs according to the
protocol in Fig. 3.
IV. APPLICATIONS
If we use our protocol in Fig. 3 for QKD, since Alice
and Bob’s raw key is virtually regarded as the one that
is obtained by measurements on Alice and Bob’s entan-
gled pairs before starting our repeater protocol, Alice and
Bob’s qubits in Fig. 3 can be virtual [33]. Moreover, since
a possible correction to their qubits after the protocol is
merely the application of a (unitary) Pauli operation,
this correction corresponds to bit flips on their raw key.
In addition, since every repeater node requires no classi-
cal communication with the other nodes according to the
protocol of Fig. 3, the time required for each trial of the
protocol is determined only by the number of the local ac-
tive feedfowards used in steps (ii) and (iii) of the protocol.
But this is merely one time (of the Bell measurements),
because the loss-tolerant X-basis and Z-basis measure-
ments in the step (iii) require no active feedforward (see
Sec. A 2 of Appendix).
Without any need of quantum memories, our all pho-
tonic quantum repeater scheme works not only in QKD,
but also in many other quantum information process-
ing protocols such as non-local measurements [35] and
cheating strategies [36] in position-based quantum cryp-
tography [37]. In those protocols, entanglement, once
generated, is consumed immediately to generate classical
output strings. For this reason, no quantum memory is
needed in the protocol (see a flexibility of our repeater
protocol in Sec. C 1 of Appendix). Furthermore, Pauli
errors can be taken care of off-line (i.e., in the classical
communication phase of the protocol).
For protocols that demand strictly a quantum output
state, of course, quantum memories are needed. For in-
stance, suppose Alice would like to transfer a quantum
state to a distant observer, Bob via quantum teleporta-
tion [3]. Suppose further that Bob insists on keeping the
final state as a quantum state (as he has no idea what
measurement, if any, he might wish to perform in future).
In this case, the very fact that the final state is quan-
tum means that the protocol requires effectively quan-
tum memories with memory time in the order of classical
communication time between Alice and Bob. However,
even in this case, in contrast to the standard quantum re-
peaters [4–6, 8–15] as in Fig. 1, the memory time required
in the quantum teloportation based on our repeater pro-
tocol scales only linearly with communication distance L
like the speediest protocol [22], differently from polyno-
mial or subexponential scalings of the conventional ones
[5, 8, 9, 11], which leads to greater suppression of the er-
rors of the quantum memories (see the details in Sec. C 1
of Appendix).
V. SCALING AND PERFORMANCE
As expected from the time-reversed-like construction
of our protocol itself, the average of the total photon
number Q¯ consumed in our protocol to produce an entan-
gled pair between Alice and Bob scales only polynomially
with the total distance. In addition, the average rate R¯
of our protocol to produce an entangled pair with a single
repeater system is in the order of the repetition rate f of
the slowest devices among single-photon sources, photon
detectors, and active-feedforward techniques, which is in
a striking contrast to the conventional repeaters [4–6, 8–
14] whose rates are restricted by the communication time
between adjacent nodes (from hundred microseconds to
milliseconds), at least. Moreover, individual depolariza-
tion caused by the channel errors is suppressed exponen-
tially, thanks to the special robustness of the protocols of
Varnava et al. for Z-basis andX-basis measurements and
to faithful transmission of a single photon over a short
distance. The details are given in Sec. C of Appendix.
6To show the scaling of our protocol explicitly, we
present Q¯, R¯, and the average fidelity F¯ of the ob-
tained entangled pair for two cases. Here we assume
that photons always run in optical fibers with the trans-
mittance T = e−l/latt for distance l (latt = 22 km). In
addition, we suppose that the optical fibers have small
errors when they are used to connect distant repeater
stations (L0/2 apart), and the errors of the fiber with
length L0/2 can be described as an individual depolar-
izing channel with error probability ed. We also assume
to use single photon sources with efficiency ηS, photon
detectors with quantum efficiency ηD, and active feed-
forward techniques less than 150 ns. For the choice of
L = 5000 km (L = 1000 km), L0 = 4 km, ed = 4.2×10
−5,
ηDηS = 0.95, f = 100 kHz, and m = 24 (m = 19), we
obtain Q¯ = 4.0 × 107 (Q¯ = 4.1 × 106), R¯ = 69 kHz
(R¯ = 58 kHz), and F¯ = 0.90 (F¯ = 0.97) under numerical
calculation to minimize Q¯ (see the detail in Sec. C 3 of
Appendix). On the other hand, if Alice and Bob use the
direct transmission of single photons emitted by a 10 GHz
single-photon source, in order to share an entangled pair,
they need to consume, on average, 5.1× 1098 (5.5× 1019)
single photons and to take 1081 (175) years. This strik-
ing contrast highlights the exponential superiority of our
repeater protocol to the existing photonic protocols [17].
In addition, the rate R¯ of our protocol is at least 5 order
of magnitude better than those of the standard repeater
schemes [5, 8–11]. Moreover, our protocol is compara-
ble to the speediest protocol of Munro et al. [22] in the
rate R¯, although the protocol [22] uses not only single
photons but also demanding matter qubits and their re-
quired numbers are in the same order of the consumed
photons Q¯ in our protocol (see Sec. C 1 of Appendix).
VI. DISCUSSION
So far, the requisites for existing quantum repeater
protocols—such as infinite coherence time for matter
quantum memories [5, 8], an on-demand emission of a
single photon from the matter quantum memory [5, 8–
10], the use of a single-photon source [5, 22], Divincenzo’s
all the criteria [20] beyond his five criteria for universal
quantum computation [4, 6, 9–15, 21, 22], and a reversible
quantum interface [29, 30] between photons with differ-
ent wave lengths [4–6, 8–15, 21, 22]—may have been too
many to be satisfied. Since some of those techniques
could directly lead to the realization of a single-photon
source that is just needed in our repeater protocol (e.g.,
a matter quantum memory can be used as a generator
of hundreds [5] or even thousands [28] of single pho-
tons), the developments would be significant even for our
scheme. However, our protocol greatly and certainly re-
duces the number of requirements for quantum repeaters.
Even from a fundamental viewpoint, the all photonic fea-
ture of our theory enables single photons to fully describe
even quantum repeaters in addition to quantum com-
putation [19] and boson sampling [38, 39], which leads
to the first rigorous proof that a quantum repeater is
much simpler than a quantum computer. We have only
just begun to grasp the full implications of all photonic
quantum repeaters: e.g., a proposal for a good single-
photon source, a proof-of-principle experiment with pho-
tons with a telecom wavelength, a more experimentally
oriented modification of our protocol, a more robust im-
provement against noises, and a generalization for a gen-
eral network topology including a two dimensional lattice
or an irregular two-dimensional graph will lead to an at-
tractive new twist.
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Appendix
Here we present the detailed analysis of our all pho-
tonic quantum repeater protocol defined in Fig. 3. The
protocol is based on the local preparation of the encoded
completely-like cluster state |G¯mc 〉 at the source nodes.
As defined in Figs. 2(a) and 3, the state |G¯mc 〉 has 2m
arms, each of which is composed of an encoded 1st-leaf
qubit and a 2nd-leaf qubit. The encoding for the 1st-
leaf qubits follows the protocol of Varnava et al. [27],
which allows us to perform Z-basis and X-basis mea-
surements on them almost deterministically and faith-
fully even under loss and general errors. The fact that
our protocol uses only these Z-basis and X-basis mea-
surements with this special robustness implies that our
protocol is much easier than universal quantum compu-
tation requiring general single-qubit measurements. We
show these facts in Sec. A via reconsidering the protocol
of Varnava et al. [27]. In Sec. B, we provide an explicit
method to prepare the encoded completely-like cluster
state |G¯mc 〉 locally with linear optical elements, single-
photon sources, photon detectors, and a high-speed ac-
tive feedforward technique. This method is basically the
same as the protocol of Varnava et al. [40]. In Sec. C, us-
ing the results in Secs. A and B, we present the detailed
analysis of our all photonic quantum repeater protocol
7for determining its performance, as well as a comparison
with the speediest protocol given by Munro et al. [22].
Appendix A: Loss-tolerant single-qubit measurement
In our repeater protocol defined in Fig. 3, we use the
protocol of Varnava et al. [27] to perform Z-basis and
X-basis measurements on the 1st-leaf qubits of the en-
coded completely-like cluster state |G¯mc 〉. This protocol
has originally been proposed to execute a single-qubit
measurement of an observable Aˆ(α) = cosαXˆ + sinαYˆ
on a qubit in a cluster state with an arbitrary high success
probability under the loss, and it does not have robust-
ness against general errors in general. However, if this
protocol is used to implement Z-basis or X-basis mea-
surement, the protocol can be so equipped with a major-
ity vote as to have robustness against general errors, as
briefly mentioned by Varnava et al. [27]. In this section,
we prove this special robustness of Varnava et al.’s pro-
tocol [27], through reviewing basic results of Ref. [27] in
Sec. A 1, elaborating the analysis of the effects of general
errors on the protocol equipped with the majority vote
in Sec. A 2, and then showing the numerical examples in
Sec. A 3.
1. Basic results [27]
Let us begin by briefly reviewing the basic results
shown in Ref. [27]. The loss-tolerant measurement [27]
is a way to execute the single-qubit measurement of an
observable Aˆ(α) = cosαXˆ + sinαYˆ on a qubit in a clus-
ter state under the loss. The qubit to be equipped with
the function of the loss-tolerant measurement, called en-
coded qubit, should be replaced by the root qubit of a tree
cluster state with branching parameters {bi}i=0,1,...,l like
Fig. 4, and, further, X-basis measurements on the root
and 0th-level qubits should be applied in advance. These
X-basis measurements connect every 1st-level qubit to all
the qubits that have been linked to the encoded qubit.
Level 2
Level 1
= 2b0
= 2b1
Level 0
Tree cluster state
MXMX
Root
Level 2
Level 1
=encoded
FIG. 4: Example of the encoding of a qubit on a tree cluster
state with branching parameters b0 = b1 = 2. The gray qubit
corresponds to the encoded qubit. X-basis measurements on
the root and 0th-level qubits should be applied in advance to
complete the encoding, linking every 1st-level qubit to all the
qubits that have been connected to the encoded qubit.
The number QL of qubits in the tree cluster state is
QL =
l∑
j=0
j∏
i=0
bi. (A1)
The loss-tolerant measurement is executed by applying
proper single-qubit measurements on the qubits below
the 1st level in the tree. According to Ref. [27], for (in-
dividual) loss probability ǫ0, the success probability PL
of the loss-tolerant measurement of observable Aˆ(α) is
described by
PL = [(1−ǫ0+ǫ0R1)
b0−(ǫ0R1)
b0 ](1−ǫ0+ǫ0R2)
b1 , (A2)
where Rk is the success probability of implementing an
indirect Z-basis measurement on any given qubit found
in the kth level of the tree, specified by
Rk = 1− [1− (1 − ǫ0)(1 − ǫ0 + ǫ0Rk+2)
bk+1 ]bk (A3)
through 1 ≤ k ≤ l, Rl+1 := 0, and bl+1 := 0. Note
that PL of Eq. (A2) can be determined by solving the
equations of (A3) recursively. The success probability
PL of this measurement can be made arbitrary close to
unity, as long as ǫ0 < 0.5, and it is numerically shown
[27, 41] to be
QL ≃ poly ln
1
1− PL
≃
(
ln
1
1− PL
)4.5
. (A4)
Note that, for a qubit in the tree cluster state, we
can perform Z-basis measurement even if we lose the
qubit. This indirect Z-basis measurement is essential
for the protocol of Varnava et al. [27]. Let Na be the
set of qubits that are (directly) connected to qubit a.
The indirect Z-basis measurement on a qubit A in the
kth level of the tree is achieved by the joint success of
direct X-basis measurement on any qubit B ∈ NA in
the (k + 1)th level and direct or indirect Z-basis mea-
surements on bk+1 qubits {C
B
i }i=1....bk+1 that are in the
(k + 2)th level and in NB. The working principle of this
scheme with respect to the qubit B is based on the fact
that the tree cluster state is stabilized [32] by operator
ZˆAXˆB ⊗i=1....bk+1 ZˆCB
i
and the measurement outcome
of the observable ZˆA can thus be guessed by the parity
of the observable XˆB ⊗i=1....bk+1 ZˆCB
i
. Since the proto-
col with respect to another qubit B′ ∈ NA in the same
(k+1)th level works similarly and independently of that
on the qubit B, the indirect Z-basis measurement on
qubit A succeeds when, under the parallel implementa-
tion of the schemes with respect to all the (k+1)th-level
qubits in NA, at least, one of them succeeds. In addi-
tion, the independence of the schemes allows us to use a
majority vote [27] to increase the fidelity of the measure-
ment outcome of indirect Z-basis measurement on qubit
A. These properties are essential for greatly increasing
the success probability of the loss-tolerant measurement
as well as the robustness in the case of the measurement
of observable Zˆ or Xˆ against depolarization for the phys-
ical qubits (as seen in Secs. A 2 and A3).
82. Error analysis
In our repeater scheme, we use the protocol of Varnava
et al. to perform Z-basis or X-basis measurement under
loss as well as general errors. Thus, we assume the exis-
tence of individual depolarization for qubits in the tree
cluster state with branching parameters {bi}i=0,1,...,l, and
we investigate the effects of the errors for the loss-tolerant
Z-basis and X-basis measurements under the use of a
majority vote [27].
The depolarizing channel EA for qubit A in state ρˆ is
defined by
EA(ρˆ) = (1−ed)ρˆ+
ed
3
(XˆAρˆXˆA+YˆAρˆYˆA+ZˆAρˆZˆA), (A5)
where ed is the error probability of this channel. If we
consider a Pauli measurement on the qubit A in state
EA(ρˆ) (this is actually the case for our repeater scheme),
the error probability em of this measurement is
em =
2
3
ed. (A6)
Then, our error model considered in what follows can
be specified as the one where all the qubits in the tree
cluster state are subject to a depolarizing channel, in-
dependently, and the goal here is to evaluate the effects
of these errors for the loss-tolerant Z-basis and X-basis
measurements.
We first consider the expectation value of the error
probability eIk of the indirect Z-basis measurement on
a qubit A in the kth level in the tree. As noted in
the previous section, this measurement outcome of ob-
servable ZˆA is guessed by the parity of the observable
XˆB⊗i=1....bk+1 ZˆCB
i
, where B is a (k+1)th-level qubit in
NA and {C
B
i }i=1....bk+1 are (k+ 2)th-level qubits in NB.
The success probability Sk of the protocol to find out the
parity of the observable XˆB ⊗i=1....bk+1 ZˆCB
i
is
Sk = (1− ǫ0)(1 − ǫ0 + ǫ0Rk+2)
bk+1 . (A7)
This event requires the joint success of direct or indirect
Z-basis measurements on all the qubits {CBi }i=1....bk+1 .
Suppose that, among the qubits {CBi }i=1....bk+1 , lk qubits
output only the outcomes of direct Z measurements with
error probability em, while the other (bk+1 − lk) qubits
present the measurement outcomes of indirect Z-basis
measurements with average error probability e¯Ik+2 . Here
we assume that the measurement outcome of indirect Z-
basis measurement on a qubit is preferentially accepted if
both of the direct and indirect measurement on it succeed.
Then, in addition to the error probability of the direct
X-basis measurement on qubit B, the average error prob-
ability of guessing the parity of the XˆB ⊗i=1....bk+1 ZˆCB
i
,
i.e., the average error probability e¯Ik|B of indirect Z-basis
measurement on qubit A from the measurements on the
qubit B and on the (k + 2)th-level qubits around B, is
estimated as
e¯Ik|B =
bk+1∑
lk=0
(
bk+1
lk
)(
1−
Rk+2
1− ǫ0 + ǫ0Rk+2
)lk
×
(
Rk+2
1− ǫ0 + ǫ0Rk+2
)bk+1−lk
×
1− (1− 2em)
1+lk(1− 2e¯Ik+2)
bk+1−lk
2
. (A8)
This is the average error probability of the indirect Z-
basis measurement scheme with respect to a qubit B ∈
NA in the (k + 1)th level. Note that we can also obtain
the outcome of observable ZA by running such an indirect
measurement scheme with respect to another qubit B′ ∈
NA in the (k + 1)th level. Therefore, by performing all
the schemes on all the (k + 1)th-level qubits in NA, we
can take a majority vote over all the guessing outcomes
of observable ZA that are obtained by all the successful
ones. Suppose that there are mk(≥ 1) successful ones,
which occurs with probability
Tk(mk) :=
(
bk
mk
)
Smkk (1 − Sk)
bk−mk . (A9)
Then, the average guessing probability e¯Ik|mk of the mea-
surement outcome of observable ZˆA from the majority
vote is
e¯Ik|mk =

∑mk
j=⌈mk/2⌉
(
mk
j
)
(e¯Ik|B)
j(1− e¯Ik|B)
mk−j ,
(mk is odd),∑mk−1
j=⌈mk/2⌉
(
mk − 1
j
)
(e¯Ik|B)
j(1− e¯Ik|B)
mk−1−j
(mk is even),
(A10)
where ⌈x⌉ is the smallest integer among integers that are
greater than or equal to x. Therefore, the average error
probability e¯Ik is
e¯Ik =
1
Rk
bk∑
mk=1
Tk(mk)e¯Ik|mk , (A11)
where we used
Rk =
bk∑
mk=1
Tk(mk). (A12)
{e¯Ik}k=0,1,...,l can be derived by solving Eqs. (A8)-(A11)
recursively.
Let us move to the error analysis for the loss-tolerant
Z-basis measurement. This measurement succeeds when
9direct or indirect Z-basis measurements on all the 1st-
level qubits succeed (c.f., Fig. 4). Thus, the success prob-
ability PZ of the loss-tolerant Z-basis measurement is
described by
PZ = (1− ǫ0 + ǫ0R1)
b0 . (A13)
On the other hand, since all the 1st-level qubits are linked
to all the qubits that have been connected to the encoded
qubit as in Fig. 4, the average error probability e¯Z of the
loss-tolerant Z-basis measurement is
e¯Z =
b0∑
l=0
(
b0
l
)(
1−
R1
1− ǫ0 + ǫ0R1
)l
×
(
R1
1− ǫ0 + ǫ0R1
)b0−l 1− (1− 2em)l(1− 2e¯I1)b0−l
2
.
(A14)
Let us proceed to the error analysis for the loss-tolerant
X-basis measurement. This measurement succeeds if
direct X-basis measurement on any 1st-level qubit B1
and direct or indirect Z-basis measurements on all the
2nd-level qubits {CB1i }i=1,...,b1 =: C(B1) in NB1 suc-
ceed, i.e., if we know the parity of XˆB1ZˆC(B1), where
ZˆN := ⊗i∈N Zˆi. To see this, let {Bi}i=1,...,b0 =: B be 1st-
level qubits, let {Ai}i =: A be qubits that have been con-
nected to the encoded qubit, i.e., A = NBi \ C(Bi) (c.f.,
Fig. 4). Through the measurement of parity k1(= 0, 1)
of observable XˆB1ZˆC(B1), the stabilizers for the initial
cluster state are renewed as
{
XˆAiZˆBZˆNAi\B ,
ZˆAXˆBiZˆC(Bi),
→


XˆA1XˆAiZˆNA1\BZˆNAi\B (i 6= 1),
(−1)k1 ZˆA,
(−1)k1XˆB1ZˆC(B1),
(−1)k1XˆBiZˆC(Bi) (i 6= 1).
(A15)
The stabilizers in the first and second rows of the right-
hand side (RHS) of this equation correspond to the de-
sired backaction that is the same as that of the direct X-
basis measurement on the encoded qubit. The stabilizers
in the last row of the RHS indicate that {Bi}i=2,...,b0
are decoupled from qubits in A and the parity of ob-
servable XˆBiZˆC(Bi) (i 6= 1) is the same as k1, These
facts suggest that the loss-tolerant X-basis measurement
succeeds if we succeed in finding out one of the parities
of {XˆBiZˆC(Bi)}i=1,...,b0 , and that we can use a majority
vote like the indirect Z-basis measurement on a qubit
in a level. Therefore, the success probability PX of the
loss-tolerant X-basis measurement is
PX = R0, (A16)
and the average error probability is
e¯X = e¯I0 . (A17)
Note that the success probability of the loss-tolerant
measurement for general observable Aˆ(α) is less than
those for observables Zˆ and Xˆ, i.e., PL ≤ PZ and
PL ≤ PX . In addition, the average error probability e¯L
of the loss-tolerant measurement for general observable
Aˆ(α) is in the order of em owing to the direct contribution
of the error of direct measurement of observable Aˆ(α) on
a 1st-level qubit [27]. This is in contrast to the error prob-
abilities e¯Z and e¯X that have a mechanism—a majority
vote—to greatly suppress the error induced by individual
depolarization. These contrasts in error probability and
success probability between the protocol for observable Zˆ
or Xˆ and that for general Aˆ(α) represent a notable differ-
ence between quantum repeaters and quantum computing,
in the sense that quantum repeaters are possible without
such a general single-qubit measurement like our protocol
but quantum computation is not [42].
3. Numerical examples
To ensure the special robustness against general errors
that appears in the cases of Z-basis and X-basis mea-
surements, here we present numerical examples of PZ ,
PX , PL, e¯Z , and e¯X . (I) For ǫ0 ≃ 0.20 and em = 2ed/3 =
2.8 × 10−5, the encoded qubit with branching parame-
ters {b0, b1, b2} = {16, 14, 1} ({b0, b1, b2} = {11, 11, 1}),
which is composed of QL = 464 (QL = 253) qubits,
gives 1 − PZ = 1.8 × 10
−6 (1 − PZ = 2.5 × 10
−5),
1−PX = 5.9×10
−5 (1−PX = 3.2×10
−4), 1−PL = 0.43
(1− PL = 0.35), e¯Z = 1.6× 10
−7 (e¯Z = 1.4× 10
−6), and
e¯X = 2.5×10
−6 (e¯X = 8.3×10
−6). (II) For ǫ0 ≃ 0.27 and
em = 2ed/3 = 5.6×10
−5, the encoded qubit with branch-
ing parameters {b0, b1, b2} = {17, 28, 2} ({b0, b1, b2} =
{12, 23, 2}), which is composed of QL = 1445 (QL = 840)
qubits, gives 1−PZ = 4.9× 10
−6 (1−PZ = 3.7× 10
−5),
1−PX = 1.1×10
−4 (1−PX = 5.6×10
−4), 1−PL = 0.43
(1 − PL = 0.37), e¯Z = 5.2 × 10
−7 (e¯Z = 2.8 × 10
−6),
and e¯X = 1.5× 10
−5 (e¯X = 4.7× 10
−5). These data sets
(I) and (II) are obtained by numerical calculation based
on Eqs. (A1)-(A3), (A13), (A14), (A16), and (A17), and
they will be used in Sec. C 3 to estimate the performance
of our repeater protocol for L0 = 4 km and L0 = 8
km. For those choices of the parameters, the success
probabilities PZ and PX for Z-basis and X-basis mea-
surements are much higher than the success probability
PL for general observable Aˆ(α). More specifically, the
branching parameters chosen here are too small to ob-
tain PL > 1 − ǫ0, but they are large enough to achieve
our quantum repeater protocol that uses only the loss-
tolerant Z-basis or X-basis measurements. In addition,
the smaller values of e¯Z and e¯X than em imply that the
loss-tolerant Z-basis or X-basis measurement is robust
even against individual errors on physical qubits, which
is in contrast to the general observable Aˆ(α). We also
note that the greater the branching ratios the trees have,
the lower the failure probability and error probability of
the loss-tolerant Z-basis orX-basis measurement [27] be-
come.
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Appendix B: Preparation of an encoded
complete-like cluster state |G¯mc 〉
In this section, we estimate the resources and the
time required to prepare an encoded version |G¯mc 〉 of a
complete-like cluster state in Fig. 3 with linear optical
elements, single-photon sources, photon detectors, and
a high-speed active feedforward technique. The prepa-
ration time estimated here will be translated into the
corresponding loss for photons in our repeater protocol
discussed in Sec. C. Here we begin by considering the
preparation of an encoded star-like cluster state |G¯ms 〉
that can be transformed into the state |G¯mc 〉.
The star-like cluster state denoted by |Gms 〉 is described
by the graph of Fig. 5. This state centers a single root
qubit that has 2m arms (m ≥ 1) composed of 1st-leaf
and 2nd-leaf qubits. The state has been used as the ba-
sic unit to produce 2-dimensional or 3-dimensional clus-
ter states [44, 45]. The star-like cluster state with 1st-
leaf qubits being encoded is denoted by |G¯ms 〉, and the
encoding allows us to execute the loss-tolerant measure-
ments on the 1st-leaf qubits. In particular, the state
|G¯ms 〉 is obtained by replacing the 1st-leaf qubits in the
state |Gms 〉 with the root qubits of the QL-qubit tree clus-
ter states with branching parameter {bi}i=0,1,...,l, where
the root and 0th-level qubits of the QL-qubit tree clus-
ter states are to receive X-basis measurements in order
to complete the loss-tolerant encoding. We note that
the whole state |G¯ms 〉 is (not equivalent to but) simi-
lar to a tree cluster state with branching parameters
{2m, 2, b0, . . . , bl}. Thus, it can be prepared efficiently
via the protocol [40, 41] of Varnava et al.
The protocol of Varnava et al. is [40, 41] based on the
single-photon sources with efficiency ηS, linear optical el-
ements, and single-photon detectors with quantum effi-
ciency ηD, and it proceeds as follows: (a) We first prepare
a three-qubit GHZ state with an effective individual loss
probability 1 − ηS/(2 − ηDηS) via a protocol that uses
6 photons for each trial and succeeds with probability
η3Dη
3
S(2− ηDηS)
3/32. (b) Then, we produce a“2-tree” by
applying a “type-II fusion” to a pair of the three-qubit
GHZ states. (c) We then create the target tree cluster
state |G¯ms 〉 (whose root qubit is redundantly encoded)
from the 2-trees by using the type-II fusions. It follows
that the expected number Q¯s of total single photons re-
Gs
3
Root
Gc
3
MY
the root
on
1st leaf
2nd leaf
FIG. 5: Star-like cluster state |Gms 〉 (for the case of m =
3). Y -basis measurement MY on the root qubit transforms
the state into a complete-like cluster state |Gmc 〉, up to local
unitary operations [43].
quired to produce the state |G¯ms 〉 (whose root qubit is
actually a redundantly-encoded qubit composed of two
bare qubits [40, 41]) is [40, 41] bounded by
Q¯s ≤
2× 6× 32
η3Sη
3
D(2− ηSηD)
3
1
P 2l+4II
poly(2m)
l∏
i=0
poly(bi),
(B1)
where PII is the success probability of the type-II fu-
sion. On the other hand, if we assume that τa represents
the time to execute a two-qubit or single-qubit measure-
ment and the associated classical feedforward, the time
τs needed to prepare the state |G¯
m
s 〉 is [40, 41] described
by
τs ≃
(
log2 2m+
l∑
i=0
log2 bi + l + 2 + 2
)
τa
=
(
log2 2m+
l∑
i=0
log2 bi + l + 4
)
τa, (B2)
where the last term 2τa in the first equation comes
from steps (a) and (b) and the other terms in the same
equation result from step (c). The expression of PII in
Eq. (B1) actually depends on the timing of the applica-
tion of the corresponding type-II fusion gate, but it is at
least bounded as
η2Sη
2
DP
2τs/τa
τa
2(2− ηSηD)2
≤ PII ≤
η2Sη
2
D
2(2− ηSηD)2
, (B3)
where Pτa is the survival probability of a photon for the
time τa. Note that the bound of Eq. (B1) scales polyno-
mially with the total photon number of the state |G¯ms 〉,
i.e., 2m(QL + 3) + 2. Through this preparation, the ef-
fective loss probability of the individual photons in the
state |G¯ms 〉 is 1− P
τs/τa
τa ηS/(2− ηDηS).
As shown in Fig. 5, the encoded complete-like clus-
ter state |G¯mc 〉 can be prepared by performing the (effec-
tive) Y -basis measurement on the (redundantly-encoded
[40, 41]) root qubit of the state |G¯ms 〉 as well as proper
local unitary operations [note that the Y -basis measure-
ment corresponds to a Bell measurement (on a two-
dimensional subspace)]. We also need to perform X-
basis measurements on the 1st-leaf qubits (correspond-
ing to the root qubits of the QL-qubit tree cluster states)
in the state |G¯ms 〉 as well as on the associated 0-level
qubits in the tree, in order to complete the encoding of
Fig. 4. These measurements multiply an additional factor
[(2−ηSηD)/(ηSηDP
τs/τa
τa )]
2× [(2−ηSηD)/(ηSηDP
τs/τa
τa )]
4m
to Q¯s, where the first term and the second term come
from the Y -basis measurement and from the X-basis
measurements, respectively. Therefore, the expected
number Q¯c of total single photons needed to produce the
state |G¯mc 〉 and the time τc are
Q¯c =
[
2− ηSηD
ηSηDP
τs/τa
τa
]4m+2
Q¯s, (B4)
τc =τs + τa. (B5)
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Note that, since the preparation of the state |G¯mc 〉 is ex-
ecuted locally, the total photon number required to pro-
duce the state |G¯mc 〉 is independent of the distance be-
tween Alice and Bob in our repeater protocol of Fig. 3.
Appendix C: Scaling of our quantum repeater
protocol
Let us discuss the performance of our all photonic
quantum repeater protocol defined in Fig. 3. Let ǫ0 be
an effective probability with which the photon loss oc-
curs in the local preparation of the state |G¯mc 〉 or in the
transmission of photons between adjacent source and re-
ceiver nodes, which is selected to satisfy ǫ0 < 0.5. We
also assume that every photon is subject to individual
depolarization in the transmission from a sender node to
the adjacent receiver node. Let ed be the error probabil-
ity caused by this depolarization [c.f., Eq. (A5) and the
relation with em].
In Sec. C 1, we present the average total photon num-
ber Q¯ consumed in our protocol to produce an entangled
pair between Alice and Bob, the scaling of Q¯, and the av-
erage rate R¯ of our protocol. In addition, in the section,
we show a flexibility of our protocol through considering
the memory time that is needed in the case of the extreme
application, i.e., quantum teleportation [3]. In Sec. C 2,
we analyze the average errors for the obtained entangled
pair and give the scaling. Section C 3 presents numerical
examples of these quantities as well as a comparison with
the speediest protocol given by Munro et al. [22].
1. Total photon number and entanglement
generation rate of our repeater protocol
Here we first present the performance of our repeater
protocol that is characterized by the success probabil-
ity, the average rate R¯ for producing an entangled pair
between Alice and Bob, and the average total photon
number Q¯ consumed in the protocol to produce the pair.
Next, we show a flexibility of our protocol via considering
the requirements for our repeater protocol that emerge
when it is used to accomplish quantum teleportation [3].
Finally, we derive the scaling of Q¯.
Let us begin by considering the performance of our re-
peater protocol. Suppose that our protocol defined in
Fig. 3 succeeds. In this case, single photons in a linear
cluster state connecting Alice’s qubit A and Bob’s qubit
B are presented, which then receive X-basis measure-
ments at all the receiver nodes. Thus, according to the
rule of Fig. 2(c), Alice and Bob’s qubits AB are entan-
gled. Since the success events occur when all the receiver
nodes have at least one successful Bell measurement and
all the loss-tolerant measurements on the 1st-leaf qubits
succeed, the total success probability P is described by
P = P
2(m−1)n
Z P
2n
X [1− (1− PB)
m]n+1, (C1)
where PZ is the success probability of the loss-tolerant
Z-basis measurement [c.f., Eq. (A13)], PX is the suc-
cess probability of the loss-tolerantX-basis measurement
[c.f., Eq. (A16)], and PB is the success probability of the
Bell measurement represented by
PB =
(1− ǫ0)
2
2
. (C2)
By using the success probability P , the average rate R¯
to produce an entangled pair between Alice and Bob is
simply described as
R¯ = Pf, (C3)
where f is the repetition rate of the slowest device among
single-photon sources, photon detectors, and active-
feedforward techniques. Note that we can increase this
rate as high as we want just by running single-photon
sources as fast as required rather than by increasing the
number of the devices and using them in parallel. This
is in striking contrast to the standard quantum repeater
protocols [4–6, 8, 9, 11–13, 18, 46–53] as in Fig. 1, where
we cannot adopt such a machine-gun-like style because
the protocols, at least, need to receive the heralding sig-
nals for entanglement swapping from distant nodes. On
the other hand, the average of the total number Q of
single photons consumed in our repeater protocol to pro-
duce the entangled pair is
Q¯ =
2mn(QL + 1) + 2m
P
. (C4)
In general, it would be better to choose all the parameters
so as to minimize Q¯.
Note that the maximum time tmax while photons in
our protocol are expected to survive is
tmax = τc +
L0
2c
+ 2τa, (C5)
where τc is the preparation time of the state |G¯
m
c 〉,
L0/(2c) is the transmission time of photons from a source
node to the adjacent receiver node, and 2τa in this ex-
pression comes from the Bell measurement in step (ii) of
our protocol in Fig. 3 and from the loss-tolerant measure-
ments on the 1st-leaf qubits in the step (iii). Combined
with the results in Sec. B and with a fact that every
photon is finally fed into photon detectors with quan-
tum efficiency ηD, the effective total loss probability ǫ0
is approximately described by
ǫ0 ≃ 1− e
−L0/(2latt)P (τc+2τa)/τaτa
ηDηS
2− ηDηS
, (C6)
where latt is the attenuation length of the optical channel
between a source node and the adjacent receiver node.
Next, let us see a flexibility of our protocol through
considering the requirements for our protocol in the case
of the application to quantum teleportation [3]. If we
use our protocol for quantum key distribution (QKD),
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the protocol does not require any quantum memory as
noted in the main body of our paper. However, when
we use our protocol to achieve the most general quan-
tum communication based on quantum teleportation [3],
the communicators, Alice and Bob, should have quantum
memories, because quantum teleportation protocol itself
requires [3] the sender (Alice) to send the outcome of her
Bell measurement to the receiver (Bob). But, depending
on the coherence time of their quantum memories, they
have two choices that make a difference in the required
memory time tmem for achieving the quantum teleporta-
tion: (a) To keep the memory time tmem to the minimum,
i.e., the classical communication time L/c required in the
quantum teleportation, they can set P ≃ 1 through the
consumption of much more single photons (i.e., by in-
creasing Q¯), which leads to
tmem =
L0
2c
+ 2τa +
L
c
, (C7)
where the first two terms are the time needed in our re-
peater to prepare an entangled pair. As another strategy,
(b) they can start quantum teleportation, upon receiving
the signals for heralding the success of the repeater pro-
tocol from receiver nodes, making the required memory
time tmem be
tmem =
L0
2c
+ 2τa +
L− L0/2
c
+
L
c
= 2τa +
2L
c
, (C8)
where the additional term (L − L0/2)/c is the classical
communication time between Alice and the receiver node
adjacent to Bob for confirming the success of the repeater
protocol. The strategy (a) is effective when the coherence
time of the quantum memories is short, while the strat-
egy (b) has a merit that the total number Q¯ of single
photons consumed in our repeater protocol can be set to
the minimum. However, in most of the cases, it would be
better to adopt the strategy (b) from the following sense:
If Alice and Bob try to accomplish quantum teleporation,
they must have quantum memories with coherence time
longer than classical communication time between them
(that is required in the quantum teleportation protocol)
at least, L/c, as in Eq. (C7). Thus, in such an era when
Alice and Bob want to achieve quantum teleportation,
the additional coherence time (L − L0/2)/c in Eq. (C8)
must not be the problem for them, implying that it would
be better to adopt the strategy (b).
However, we stress that, if we use a conventional quan-
tum repeater protocol [4–6, 8, 9, 11–13, 18, 28, 46–53]
based on quantum memories as described in Fig. 1, the
required memory times tmem include, at least, further
additional factors that come from the classical commu-
nication time to trigger the next round of entanglement
swapping as shown in Fig. 1, irrespectively of the applica-
tion (QKD or quantum teleportation). In addition, in the
standard quantum repeater protocols for L = 1000 km,
tmem has been estimated [5, 8, 9, 11], at least, 1 s. This
is in a striking contrast to our protocol that suppresses
the memory time tmem, which required only in the case
of quantum teleportation, to about 10 ms even in the
strategy (b) for L = 1000 km. These facts suggest an ad-
vantage to use our protocol instead of the conventional
quantum repeaters even if we enter an era when we have
a matter quantum memory, in the sense that the smaller
tmem of our protocol should lead to smaller errors (depo-
larization or dephasing) of the quantum memories. More-
over, tmem of our protocol with the strategy (a) becomes
the same as the speediest repeater protocol [22] based on
matter qubits at repeater nodes. Therefore, our protocol
is flexible, and it has a distinguished advantage over the
standard quantum repeater protocols with respect to the
required memory time tmem.
We further note that the flexibility seen in the strate-
gies (a) and (b) extends the range of the applications
of our all photonic quantum repeaters. For example,
even if we want to use our protocol as an almost de-
terministic entanglement supplier for accomplishing an-
other quantum information processing protocols, such as
nonlocal measurements [35, 54] and cheating strategies
[36, 55] in position-based quantum cryptography [37], in
a memory-less fashion, we can achieve this, at least, by
adopting strategy (a). Thus, the flexibility makes any
kind of quantum communication scheme possible with
our all photonic quantum repeater system alone.
Finally, let us derive the scaling of Q¯ for the distance L
between Alice and Bob. Here, instead of Q¯, for simplicity,
we consider the scaling of an upper bound from PX ≥ PL
and PZ ≥ PL,
Q¯upp :=
2mn(QL + 1) + 2m
P 2mnL [1− (1− PB)
m]n+1
(≥ Q¯), (C9)
for a specific choice of the parameters,
m ≃ log1−PB
[
2n lnPL
2n lnPL + (n+ 1) ln(1− PB)
]
, (C10)
PL = (1− PB)
x
n , (C11)
where x is a positive constant. Note that we can choose
any x > 0 as long as ǫ0 < 0.5. Then, combined with
Eq. (A4), the upper bound Q¯upp becomes
Q¯upp ≃ 2
[
n
([
ln
1
1− (1− PB)
x
n
]4.5
+ 1
)
+ 1
]
×
(
1 +
n+ 1
2x
)2x(
1 +
2x
n+ 1
)n+1
× log1−PB
(
2x
2x+ (n+ 1)
)
. (C12)
Since n = L/L0 − 1, it is concluded that the average
number Q¯ of the total single photons required to produce
an entangled pair scales only polynomially with distance
L.
13
 (a)  (b)
Gc
3
a
b
MZ
MZ
MZ
MZ
a
b
ZZ
A B A B
Z ZMX MX
a b
ZZ ZZ
A B
Z X Y
=
FIG. 6: (a) Error propagation of Z-basis measurements on 2(m − 1) 1st-leaf qubits in state |Gmc 〉 (m = 3). Depending
on the total parity k of the Z-basis measurements, unitary operation (Zˆab)
k (Zˆab := ZˆaZˆb) is performed. The error of the
Z-basis measurements thus leads to a phase-flip channel ΛZab . (b) Error propagation of two adjacent loss-tolerant X-basis
measurements on qubits ab that connect two-end qubits AB linearly. The measurement outcome ka (kb) on qubit a (b) is
correlated with the phase flip (ZˆB)
ka ((ZˆA)
kb), implying that the measurement error leads to the phase-flip channel on qubit
B (A). Since the stabilizers for a bipartite cluster state are XˆAZˆB and ZˆAXˆB , ZˆB (ZˆAB) has the same action with XˆA (YˆA)
for the state.
2. Error analysis for our repeater protocol
Here we consider the error probabilities for the ob-
tained entangled pair AB in the success case of our re-
peater protocol. We further derive the scaling of these
error probabilities.
In the success case of our repeater protocol, 2(m− 1)
1st-leaf qubits in the encoded complete-like cluster state
|G¯mc 〉 receive loss-tolerant Z-basis measurements with av-
erage error probability e¯Z . We start by considering the
effect of the error that comes from this measurement pro-
cess. Suppose that we perform Z-basis measurement on
a qubit A in a cluster state. Then, note that the cluster
state is stabilized by operators XˆAZˆNA and XˆiZˆAZˆNi\A
for i ∈ NA [32], where ZˆN := ⊗i∈N Zˆi for a set N of
qubits. Through the Z-basis measurement on qubit A,
depending on its outcome k(= 0, 1), these stabilizers are
renewed as (−1)kZˆA and (−1)
kXˆiZˆNi\A for i ∈ NA,
which stabilize the cluster state after the measurement.
This fact implies that the measurement outcome k is cor-
related with the application of unitary (ZˆNA)
k. Thus,
non-zero error probability eZ of the Z-basis measurement
on qubit A leads to a channel Λ
ZNA
1−2eZ
, where
ΛWC1−2e(ρˆ) :=(1 − e)ρˆ+ eWˆC ρˆWˆC
=
1 + (1 − 2e)
2
ρˆ+
1− (1 − 2e)
2
WˆC ρˆWˆC
(C13)
for a Pauli operator WˆC on system C. As for the loss-
tolerant Z-basis measurements on 2(m−1) 1st-leaf qubits
in state |G¯mc 〉, the effect of the measurement error e¯Z is
described by phase-flip channel ΛZab(1−2e¯Z )2m−2 on average,
where a and b are the remaining 1st-leaf two qubits. This
result is summarized as in Fig. 6(a).
Next, we consider error propagation caused by two
adjacent loss-tolerant X-basis measurements with error
probability e¯X on the remaining 1st-leaf qubits ab (c.f.,
Fig. 6(b)). Here let us call the 2nd-leaf qubits A and
B as defined in Fig. 6(b). We start by noting that the
initial state is stabilized by operators XˆAZˆa, ZˆAXˆaZˆb,
ZˆaXˆbZˆB, and ZˆbXˆB. When we assume to obtain out-
comes ka(= 0, 1) and kb(= 0, 1) for the respective ideal
X-basis measurements on qubits a and b, these stabiliz-
ers are converted to (−1)kaXˆa, (−1)
kbXˆb, (−1)
kbXˆAZˆB,
and (−1)ka ZˆAXˆB. This implies that the measurement
outcome ka (kb) is correlated with the application of
unitary (ZˆB)
ka ((ZˆA)
kb). Thus, the non-zero average
error probability e¯X of the loss-tolerant X-basis mea-
surement on qubit a (b) leads to a phase-flip channel
ΛZB1−2e¯X (Λ
ZA
1−2e¯X
), and the inherent phase-flip channel
ΛZab(1−2e¯Z)2m−2 on qubits ab becomes phase-flip channel
ΛZAB(1−2e¯Z)2m−2 on qubits AB. Since these channels are con-
sidered to be applied to a bipartite cluster state, as noted
in Fig. 6(b), the effects of ΛZB1−2e¯X and Λ
ZAB
(1−2e¯Z)2m−2
are
equivalent to ΛXA1−2e¯X and Λ
YA
(1−2e¯Z)2m−2
, respectively.
Finally, we derive error probabilities of a Bell pair AB
that is obtained by the success of our repeater protocol
defined in Fig. 3. In the case of the success, the pro-
tocol can be regarded as a situation like the upper one
of Fig. 7 where the encoded complete-like cluster state
|G¯mc 〉 has already been transformed into a 4-qubit lin-
ear cluster state through the Z-basis measurements as in
Fig. 6(a), and the 2nd-leaf qubits in the 4-qubit linear
cluster state are connected via the successful Bell mea-
surement defined in Fig. 2(b). This situation can further
be transformed into the the lower one of Fig. 7, according
to the rule of Fig. 6(b). Therefore, considering the depo-
larization E for the 2nd-leaf qubits, we conclude that the
finally obtained entangled pair AB in a cluster state has
errors specified by channel
E¯totA :=(Λ
ZA
1−2e¯X
)n(ΛXA1−2e¯X )
n(ΛYA(1−2e¯Z)2m−2)
nE
2(n+1)
A
=ΛZA(1−2e¯X )nΛ
XA
(1−2e¯X)n
ΛYA
(1−2e¯Z )(2m−2)n
E
2(n+1)
A ,
(C14)
on average. If we rewrite E¯totA in a standard form as
E¯totA (ρˆ) =(1− E¯X − E¯Y − E¯Z)ρˆ
+ E¯XXˆAρˆXˆA + E¯Y YˆAρˆYˆA + E¯Z ZˆAρˆZˆA,
(C15)
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the error probabilities are
E¯Z =E¯X =
1
4
−
1
4
(1− 2em)
2(n+1)(1− 2e¯X)
2n, (C16)
E¯Y =
1
4
+
1
4
(1− 2em)
2(n+1)(1 − 2e¯X)
2n
−
1
2
(1 − 2em)
2(n+1)(1− 2e¯X)
n(1− 2e¯Z)
(2m−2)n,
(C17)
where we replace the error probability ed of the depolar-
izing channel E with em by using Eq. (A6). Then, note
that the average fidelity F is described by
F¯ = 1− E¯X − E¯Y − E¯Z . (C18)
Let us consider the scaling of the average errors E¯Z ,
E¯X , and E¯Y . Suppose that, thanks to the robust-
ness of the loss-tolerant Z-basis or X-basis measurement
against depolarization (as seen in numerical examples in
Sec. A 3), e¯Z and e¯X are so small that (1−2e¯Z)
(2m−2)n ≃
(1 − 2e¯X)
2n ≃ 1 holds. In addition, we can also as-
sume that the fidelity of the entanglement generation
based on the transmission of single photons between ad-
jacent nodes is so high as to satisfy (1 − 4ed/3)
2(n+1) =
(1 − 2em)
2(n+1) ≃ 1 − 4(n + 1)em, which is valid in the
case where the transmission distance of photons is not
long. Then, the average errors are
E¯Z = E¯X ≃ E¯Y ≃
1
4
−
1
4
(1 − 2em)
2(n+1)
≃ (n+ 1)em = (n+ 1)
2ed
3
. (C19)
Since n + 1 = L/L0, this approximation shows that the
effect of the depolarization error in the transmission from
a source node to a receive node increases the error proba-
bilities of the final entangled pair only polynomially with
the total distance L. Combined with the fact that the
depolarization error in the transmission channel gener-
ally increases exponentially [6] with the channel length,
this result implies that, thanks to the robustness of the
loss-tolerant measurement for observable Zˆ or Xˆ and the
faithful transmission of a single photon over a short dis-
tance, our repeater protocol could suppress the effect of
the channel error exponentially.
3. Numerical examples
To show the polynomial scaling of our protocol explic-
itly, we first estimate Q¯, P , R¯, E¯Z , E¯X , E¯Y , and F¯ for
four cases. Then, we provide a comparison between our
protocol and the speediest protocol [22], referencing the
basic assumptions made in the updated version [58] of
Ref. [22].
Let us assume that photons always run in optical
fibers with the transmittance T = e−l/latt for distance
l (latt = 22 km). In addition, we suppose that the opti-
cal fibers have small errors when they are used to con-
nect distant repeater stations (L0/2 apart), and the er-
rors of the fiber with length L0/2 can be described as
an individual depolarizing channel with error probabil-
ity ed. We also assume to use single photon sources
with efficiency ηS and photon detectors with quantum
efficiency ηD. In the estimation of ǫ0 of Eq. (C6),
by assuming that every step in our protocol including
the preparation is executed in the optical fiber, we use
Pτa = e
−cτa/latt with c = 2 × 108 m/s. Suppose that
the repetition rate f of the slowest device among single-
photon sources, photon detectors, and active-feedforward
techniques is f = 100 kHz [56]. Then, by combining
the numerical results (I) and (II) obtained in Sec. A 3
and Eqs. (B2), (B5), (C1)-(C4), and (C16)-(C18), we
obtain the following results under numerical calculation
to minimize Q¯: (I) For L = 5000 km (L = 1000 km),
L0 = 4 km, em = 2ed/3 = 2.8 × 10
−5, ηDηS = 0.95,
and τa = 150 ns, by choosing m = 24 (m = 19), and
{b0, b1, b2} = {16, 14, 1} ({b0, b1, b2} = {11, 11, 1}), we
obtain ǫ0 ≃ 0.20, which presents Q¯ = 4.0 × 10
7 (Q¯ =
4.1 × 106), P = 0.69 (P = 0.58), R¯ = 69 kHz (R¯ = 58
kHz), E¯Z = E¯X = 3.5 × 10
−2 (E¯Z = E¯X = 8.9× 10
−3),
E¯Y = 3.3× 10
−2 (E¯Y = 7.6× 10
−3), and F¯ = 0.90 (F¯ =
0.97). This choice of the parameters allows us to achieve
F ≥ 0.9 as in the analysis of conventional quantum re-
peater schemes [5]. (II) For L = 5000 km (L = 1000
km), L0 = 8 km, em = 2ed/3 = 5.6× 10
−5, ηDηS = 0.95,
and τa = 150 ns, by choosing m = 27 (m = 21), and
{b0, b1, b2} = {17, 28, 2} ({b0, b1, b2} = {12, 23, 2}), we
obtain ǫ0 ≃ 0.27, which presents Q¯ = 7.6 × 10
7 (Q¯ =
7.3 × 106), P = 0.65 (P = 0.60), R¯ = 65 kHz (R¯ = 60
kHz), E¯Z = E¯X = 4.0 × 10
−2 (E¯Z = E¯X = 1.2× 10
−2),
E¯Y = 3.3 × 10
−2 (E¯Y = 7.6 × 10
−3), and F¯ = 0.89
(F¯ = 0.97). Here we assumed that the errors of the fiber
with 4 km in the case (II) can be described as a series
of two depolarizing channels for 2-kilometer fiber in the
case (I), which is valid as long as the overall transmit-
tance 1 − ǫ0 for photons is larger than the dark count
probability of photon detectors [57] (this is indeed the
case for our repeater settings).
a. Comparison with the speediest protocol given by Munro
et al. [22]
Let us compare our protocol with the speediest proto-
col given by Munro et al. [22]. Here we refer to the data
in the up-to-date version [58] of Ref. [22].
Munro et al.’s scheme uses single-photon sources and
photon detectors, similarly to our proposal. Thus, in
both of the protocols, suppose that the single-photon
source has 97% efficiency and the photon detector has
97% quantum efficiency, according to [58]. In addition,
we assume that the photon detector is the slowest device
with 100 kHz repetition rate,. i.e., f = 100 kHz. We also
assume that the attenuation length of the fiber is 22 km,
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FIG. 7: Error propagation in the succees case of our repeater protocol defined in Fig. 3 (n = 2). The Bell measurement here
is defined in Fig. 2(b). The 2nd-leaf qubits are subject to the depolarization represented by E (without exception), and we
describe this effect by coloring the 2nd-leaf qubits in gray.
and 0.1% general errors occur in the transmission of the
fiber with 10 km according to [58]. Although Munro et
al. sometimes in their paper [58] assume that a single
photon corresponds to multiple qubits (by using the mul-
tiple degrees of freedom such as time bin, polarization,
and spatial modes), this assumption can be shared even
with our protocol [59] to decrease the required photon
number, and it is thus irrelevant when we make a com-
parison between our protocol and Munro et al.’s protocol.
Therefore, for fairness and simplicity, here we conserva-
tively consider that a single photon simply corresponds
to a single qubit in both of the protocols. Let us con-
sider 800 km quantum communication (L = 800 km),
according to the setting of [58].
Performance of Munro et al.’s scheme: Suppose
that the coupling between a single photon and a
matter qubit is assumed to be 97% [58]. Since
Table 1 of [58] has values until p = 0.67, we choose
the distance between adjacent nodes L0 = 6.15
km (i.e., 129 repeater nodes), because the choice
actually presents p = 0.974 × e−6.15/22 = 0.67.
We assume that the fiber with 6.15 km includes
0.0615%[= 0.1% × (6.15 km/10 km)]. Then,
the Table 1 under one qubit/photon shows that
the number of the matter quantum memories at
each node is 13 × 1500 = 19500. Since quantum
information of a single matter quantum memory
is exchanged with a single photon, the number of
single photons prepared at each node is also 19500.
Thus, the total number of the consumed photons
for each trial is 19500× (129 + 1) = 2.5× 106 and
the total number of matter quantum memories in
repeater nodes is 19500 × 129 = 2.5 × 106. Since
the protocol almost deterministically generates
the entanglement pair with approximate fidelity
92%[= 100% − (129 + 1) × 0.0615%] [59] for each
trial, the rate to produce the entangled pair is
about 100 kHz according to the repetition rate of
the single-photon detectors.
Performance of our scheme: Suppose that the dis-
tance between adjacent source repeater nodes is
similarly L0 = 6.15 km (i.e., 129 source repeater
nodes). This choice implies the use of fibers
with (6.15/2) km, which have 0.0308%[= 0.1% ×
(6.15 km/2)/10 km)] errors (i.e., ed = 0.0308). By
choosing m = 20 and {b0, b1, b2} = {10, 20, 2}, we
obtain ǫ0 ≃ 0.25, which presents Q¯ = 5.3 × 10
6,
P = 0.60, R¯ = 60 kHz, E¯Z = E¯X = 4.1%,
E¯Y = 2.9%, and F¯ = 89%, where the number
of photons prepared at each node for each trial is
24440. Thus, the average total number of the pho-
tons consumed until producing the entangled pair
with 89% fidelity is 5.3× 106, and the rate to pro-
duce the entangled pair is 60 kHz.
According to this comparison, our protocol is compa-
rable with the speediest protocol of Munro et al. in the
entanglement generation rate, although Munro et al.’s
protocol uses not only single photons but also demand-
ing matter quantum memories and both of their required
numbers are in the same order of the consumed photons
in our protocol.
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